Abstract-This paper presents an underactuated design of a robotic hand exoskeleton, and a challenge based neurorehabilitation strategy. The exoskeleton is designed to reproduce natural human fingertip paths during extension and grasping, keeping minimal kinematic complexity. It facilitates an impedance adaptation based trigged assistance control strategy by switching between active non-assist and passive assistance modes. In the active non-assist mode, the exoskeleton motion follows the applied fingertip forces based on an impedance model. If the applied fingertip forces are inadequate, the passive assistance mode is triggered. The impedance parameters are updated at regular intervals based on the user performance, to implement a challenge based rehabilitation strategy. A six-week long hand therapy, conducted on four chronic stroke patients, resulted in significant (p-value < 0:05) increase in force generation capacity and decrease (p-value < 0:05) in the required assistance. Also, there was a significant (p-value < 0:05) increase in the system impedance parameters which adequately challenged the patients. The change in the Action-Research-Arm-Test (ARAT) scores from baseline was also found to be significant (p-value < 0:05) and beyond the minimal clinically important difference (MCID) limit. Thus, the results prove that the proposed control strategy with has the potential to be a clinically effective solution for personalized rehabilitation of poststroke hand functionality.
I. INTRODUCTION
M OTOR impairment of the upper limb, in terms of loss of ability to use the fingers due to stroke, is a major cause of disability worldwide. For effective motor recovery, the stroke survivors need to undetake intensive physiotherapy using their paretic limbs, involving active engagement [1] . In most cases, effective recovery is delayed and sometimes hindered, as the conventional therapies are not adequately intense and engaging for the patients, or the trained professionals are unavailable [2] .
In recent years, robotic therapies have been shown to provide intense repetitive exercise for the patients with partial or no involvement of a human therapist [3] . These are easily deployable and can also provide very reliable quantification of the rehabilitation progress [4] . Although the robotic rehabilitation for upper-limb poststroke impairment is often recommended by major health care organizations such as American Heart Association, the personalization of the therapeutic process according to the specific needs of a patient is a major problem [5] . In our study we have focused on the rehabilitation of the distal part of the upper-limb, particularly the finger flexion/ extension. Based on the structure and the actuation systems the exoskeletons are found mainly in two categories: a major portion of them are cable actuated [6] , [7] , [8] , [9] , [10] , [11] , and a minority of them are driven by rigid structures or linkages [12] , [13] , [14] , [15] . Recently pneumatic actuators [16] are also being used to build soft exoskeletons. Other than the exoskeletons haptic devices such as ReHapticKnob [17] are also in use for hand rehabilitation. The exoskeletons also vary in their design complexity, as some of them go for the full phalanges [15] such as HANDEXOS [18] , ExoK'ab [14] and BiomHED [9] , while others such as CAFE [19] , SNU Exo-Glove deal with a subset of it [7] , [10] . Sometimes, a sub-set for full phalanges is also driven in couple [16] in order to reduce the complexity, such as GENTLE/G [13] and HandSOME [20] . The individual finger modules are also actuated in different ways as per the need of the therapeutic exercise. Hand exoskeletons such as [6] , [14] , [15] actuates all the joints of a finger module, while the finger modules of [7] , [8] , [16] are underactuated. The compromise between making actuating all the fingers and actually all the joints of a finger module has to be made, as incorporating both them (e.g., [15] ) makes the exoskeleton bulky, and limits the portability and wearability of it. The actuations systems have also their individual limitations. In the cable driven systems the tension in the wire doesn't always correctly reflect the summation of the joint torques and also the tension in the wire often gets disturbed by the arm and wrist movements [11] . The rigid linkages although suitable for exerting higher forces for challenging rehabilitation exercises, often constrains the non-actuated joints and disrupt the natural motion, thereby making system uncomfortable for the patients [16] . A detailed review of the existing wearable haptic systems for the fingertip and hand is given in [21] . Although several robotic hand exoskeletons already exist, design of light-weight, fully wearable, low-cost and safe hand exoskeletons facilitating natural finger motion, and the development of engaging and challenging training paradigms for neurorehabilitation still require extensive research [1] .
Apart from diverse design strategies there are also a variety of control approaches for hand exoskeletons. For over a decade the mechanical impedance models are being used for assist-as-needed control of the exoskeletons. Its central objective is to encourage the voluntary participation of the user in following a desired trajectory, as the controller intervenes by producing an assistance force which increases only when the user deviates from the desired trajectory, and doesn't intervene otherwise [22] . Thus it avoids the slacking effect, which hinders the process of motor skill learning [23] . One of the main challenges in assist-as-needed approach is to find the ideal joint angle trajectory for the required limb movement, as it forces the user to follow a desired trajectory [22] . This also reduces free interaction between the human and the device, rather than promoting it, which is beneficial for an effective motor recovery [24] . Moreover, to figure out the minimal assistance level in real time, the assist-as-needed controllers need to solve optimization problems which increase the computational and hardware complexity compromising the agility of the system design.
Another control approach involving a triggered assistance is considered as a variant of the assist-as-needed principle [22] . In this approach the assistance is triggered when one or more performance criteria hits a predefined threshold, while the participants initially attempt the movement without robotic intervention. The performance criteria are usually set as muscle activity, limb-velocity, tracking error, elapsed time, and force generation or a combination of these [25] . The exoskeletons such as HWARD and RUPERT used the threshold as elapsed time [26] , [27] . In the force triggered approaches the robotic assistance is provided when the participants are able to generate a force larger than a threshold force [28] , [29] . In contrast, some researchers followed the reverse approach, which is to initiate the robotic assistance if the applied torque by the participant is under a threshold torque for a certain period of time [30] , [31] . Although both the forward and reverse approaches of triggered assistance are intended for encouraging the active participation of the users, the forward approach (i.e., triggering the assistance when the participant meets the performance criteria) is intuitively less rewarding as the assistance is triggered when the performance is higher i.e., the requirement of assistance is less. However, both forward and the reverse approach of triggered assistance have the tendency to make the participants apparently passive extending the assistance phase. Although many exoskeletons described here provides active/ passive assistance to the patients, the haptics aspect of the system is often neglected. There are a few devices such as ReHapticKnob [17] , wherein the output impedance is modulated autonomously in order to vary the assistance/resistance level of the system and thereby adjusting the challenge level of the therapeutic task without the intervention from a human therapist.
In the light of the above mentioned structural and control system designs, the paper proposes a hand-exoskeleton for stroke rehabilitation which is agile in both the structural and control aspects and validates its potential clinical effectiveness through pilot clinical trial on stroke patients. The developed hand exoskeleton is a four-bar linkage driven underactuated system capable of driving the index and middle fingers in a coupled fashion and thumb independently. It follows a triggered assistance approach (named here as impedance adaptation based trigged assistance) in order to make the design of the control strategy agile enough by reducing the computational and hardware complexity involved in conventional assist-as-needed approach. Additionally, The triggered assistance strategy reacts interactively to the volitional effort of the patients, without constraining them to follow a desired trajectory (as in the case of the conventional implementation of assist-as-needed approach) or force pattern, to incorporate the idea of free interaction, which is often considered advantageous in a rehabilitation scenario [24] . The rehabilitation approach, proposed in this paper is a challenge based one, in which, the challenge level is modified by varying the virtual impedance of the exoskeleton system based on the force generation capacity of the user. The advantage of this strategy is that it maximizes the patient's engagement as it optimally sets the difficulty level so that the patients do not get frustrated by a too easy or a too difficult task [32] . The novel contributions of the study are as follows: 1) A novel challenge based neurorehabilitation strategy, by adapting the mass and the damping parameters of the impedance model, to facilitate to the stroke patients, a performance based progressively challenging physical exercise; 2) a fusion between the active non-assist and passive assistance mode based control strategy for promoting free interaction and 3) a new performance metric based on force generation capacity of the patients, which also correlated with the motor recovery measure for grip-strength. The rest of the paper is organized as follows. In Section II, the design and development of the hand exoskeleton is discussed. The impedance adaptation based trigged assistance control strategy and its experimentation on stroke patients are discussed in Section III. The impact of the proposed control strategy using hand exoskeleton on stroke patients is presented in Section IV, while the discussion and conclusion based on the results obtained, are stated in Sections V and VI respectively.
II. EXOSKELETON DESIGN
Human fingertip path during grasping and extension tasks is non-circular [34] . The simplest mechanism which generates this path is a planar four-bar linkage. To accomplish this design, (i) human finger motion of healthy subjects was recorded (Figs. 1, 2 ) while they performed full extension and grasping, and (ii) four-bar linkages for the thumb and index finger were synthesized optimally for path generation so as to match the recorded fingertip trajectories (Fig. 3) . The input link O 2 A is attached to the servomotor's shaft for actuating the exoskeleton. The method employed by Nishad et al. [33] for three DOF per finger exoskeleton module design is adapted for this single DOF finger exoskeleton. The optimal link lengths are given in Table II. A CAD model of the exoskeleton was developed and then a prototype was fabricated using selective laser sintering.
The index and middle fingers are coupled and actuated by a single four-bar linkage and the thumb by another four-bar linkage. This was done, as it was observed that, the index and middle fingertip paths are similar and they move on the same plane. Hence, this is an underactuated design with two active DOF, one for the index and middle fingers combined, and one for the thumb. Two fingertip inserts are attached through passive revolute joints to the exoskeleton finger modules, inside which the fingers are inserted during exercise. The fingertip inserts allow for some variation of finger lengths and hence the same exoskeleton can be used by different persons having slightly different finger lengths. The fixture (Fig. 4) for the finger exoskeletons includes an arm-rest support for providing comfort during rehabilitation exercises.
Exoskeleton designs for rehabilitation are often not focused on wearability [35] , [36] , while in our case it is considered one of the key design aspects, so that its application can also be extended to daily living activities. Pacchierotti et al. [21] defined the wearable exoskeletons on the basis of their form factor, weight, shape, area of interest and ergonomics. A desirable characteristic for the form factor of an exoskeleton is that Fig. 2 . Human index fingertip path for extension/grasp motion: The oval markers represent the positions of LED markers L 1 -L 8 placed on a finger for data recording. The fingertip curve traced is non-circular. The first two markers (leftmost) are on the back of the hand. The data points are transformed with respect to the coordinate system x-y formed by these two markers. 24 such data-sets were collected from healthy subjects for the design computations. it should not hinder the natural movements and should follow the shape of the body part on to which it is worn. The exoskeleton, designed in this study acts only on the finger pads and follows the natural human finger trajectory using the four-bar mechanism. Hence, no obstruction occurs during the natural motion of the fingers. The unique design of the arm-rest with the two stands makes it easy and comfortable to wear for long time making it fully wearable and portable (see Fig. 4 ). The arm-rest follows the natural shape of the forearm. 'Velcro straps' keep the exoskeleton attached to the hand and the forearm. A patient with hemiplegia using the exoskeleton is shown in Fig. 5 .
The device weighs 410g. Two Hitec HS5685MH servo motors with 180 degree rotation are used to actuate the exoskeleton. These motors weighing 60 g, are small in size (41 Â 20 Â 38, in mm) and are capable of exerting 12.9 kg cm torque at 7.4 V. The device is also back-drivable, a feature which was required during the experiments to calculate the initial impedance parameters. Among the lightweight exoskeletons, the device built by Arata et al. [37] weighs 320 g, which uses compliant mechanisms, while the soft robotic glove using hydraulic actuators designed by Polygerinos et al. [38] weighs 285 g.
A patient with hemiplegia using the exoskeleton is shown in Fig. 5 . There are several problems which could arise while applying the device to a paretic hand such as: 1) as the upperlimb of the patients is generally weak, aligning the device with the orientation of the hand is a little cumbersome, 2) due to the weakness in the hand and finger muscles, the fingers can slip out of the finger-inserts if not properly pushed inside or the wrist and arm are loosely fastened with the exoskeleton, 3) as the exoskeleton is for prolonged use, any part of it should not be pinching or putting pressure on the hand making any sort of discomfort while doing the excercise. The design of the arm-rest is very useful here, and unique in the sense that most of the existing designs of the hand exoskeleton do not have such an arm rest which covers from the back of the hand to the mid-lower arm with two stands which hold them fix on a table. Generally, the impaired upper limb is weak in a patient and it needs such a support system which not only will keep the hand steady and comfortable while doing the therapeutic task, but could also be easily detached during activities of daily living (ADL). A fixed support system generally will restrict the portability of the exoskeleton.
A questionnaire to evaluate the usability of the hand-exoskeleton was also given to the participants, to get the qualitative feedback of their experience of using it. The responses show that the exoskeleton was easy to put on with minimal external assistance requirement. The exoskeleton was also comfortable to wear for long duration, and there was no discomfort in performing the finger extension and grasping motions while using the exoskeleton.
The design features are summarized in the Table III .
III. IMPEDANCE ADAPTATION BASED TRIGGED ASSISTANCE

A. Control System Overview
Two force sensors (FSRs), mounted on the upper and lower inner walls of each finger-insert, are used to sense the force exerted by the participant in the directions of grasping and extension. From the readings of the four force sensors (two for index finger and two for middle finger), the net force acting in a particular direction (grasping or extension) is calculated using Eq. (1).
Here, F ip , F mp are the force readings on the posterior side of the index and middle fingertips respectively and F ia , F ma are the force readings for the anterior side. Thus, if the net force F net > 0, then it is considered to be acting in the extension direction and if F net < 0 then the net force is considered to be acting in the grasping direction. This net force is compared with a threshold force level F th . To set the threshold force we asked the participants to keep their hand passive and moved the exoskeleton for a finger open and close motion. Then we took the average of all the forces which was passively reflected on the force sensor to calculate the threshold force level. Thus the value of F th turned out to be 0.02 N. As the participants were asked not to make a deliberate attempt of movement during this experiment, the F th can be safely assumed to be the force reflected by slight vibration or the passive resistance offered by the fingers. In this regard it is to be noted that all the participants had negligible spasticity in their fingers. The threshold force level ensures that the applied force is not due to any random vibration in the fingers, which doesn't represent patient's volitional effort. The user would be able to drive the exoskeleton deliberately only when, the net fingertip force F net applied by him/her exceeds the threshold force F th , i.e., jF net j > jF th j:
In this case, the exoskeleton is said to operate in active nonassist mode, in which an impedance model (Section III-B) is used to compute the exoskeleton motion from the fingertip force. In case the inequality Eq. (2) is not satisfied at any point of time, the controller starts a watchdog ðw t Þ and waits for a particular period of time w th before issuing the flag that the user failed to generate the required force to drive the exoskeleton. The w th was empirically set to 500 ms to give the participant enough time to respond. In this case, the exoskeleton is said to operate in passive assistance mode, in which, the user gets full assistance from the exoskeleton controller, as the fingers are moved in the direction of motion with a default velocity ð _ u def Þ to complete the ongoing grasping/extension. The default velocity ð _ u def Þ was set to 9.27 deg/s for the crank, to give the user sufficient time for proprioception. During the passive assistance the exoskeleton was driven in velocity control mode, where it maintained a fixed velocity of 9.27 deg/s until it receives further input from the user (i.e., until F net > F th ). At any point of time during the passive assistance mode, if the user is able to apply enough fingertip force in the direction of motion to drive the exoskeleton (i.e., satisfying Eq. (2)), the controller switches to the active nonassist mode. The fact that the exoskeleton controller provides assistance only when, the user fails to drive the exoskeleton deliberately, it facilitates the impedance adaptation based trigged assistance policy, an essential requirement for motor skill learning.
B. Impedance Model
Impedance models are widely used to convert the applied force to control the position of robots [39] in a robot human cooperation task. Perez-Ibarra et. al. [40] proposed an ankle rehabilitation strategy based on an adaptive impedance control model. They used damping and stiffness parameters only, and updated the stiffness parameter based on the patient's performance in a video game. Metzger et al. [1] reported an assessment driven selection and adaptation of the exercise difficulty in a robot assisted therapy. They also used an impedance model that had only a stiffness parameter which was varied to evaluate a patient's ability to perceive and differentiate haptic stimuli during active object grasping. As per the literature in [41] and [42] , including a spring in the impedance model can impede the human-robot interaction. This is because the spring essentially absorbs energy and gives it back to the system, thus, causing oscillations. Hence, the impedance model considered here consists of the inertia and damping terms only, to provide the best cooperation between the robot exoskeleton and a human. Each finger module of the exoskeleton has only one active degree of freedom, the input link angle u of the four-bar mechanism. This u is related to the net force F net , to form the proposed impedance model as,
The estimates of the patient's M, C parameters were calculated with reference to a healthy individual's M, C parameters. In order to estimate the M, C parameters specific to a healthy individual, the following experiments were conducted. A group of 10 healthy people between the age group of 20 À 50 years were asked to perform the grasping and extension wearing the exoskeleton while its actuators were inactive. As the servomotors used are back-drivable, they can be moved even in the power-off condition. The fingertip force and the corresponding change in the actuator angle were recorded. The variation of the fingertip force (F H ) with the actuator angle, averaged over all participants is shown in Fig. 6a . An one-way ANOVA test between the force profiles of all the healthy participants resulted in p-value > 0.05, meaning that there is no significant difference between the means of these force profiles. Therefore, we took the average of all the force profiles to set the F H . From the actuator angular position, the velocity and the acceleration were computed numerically (Fig. 6b) . The actuator velocity, acceleration and fingertip force data were then used to estimate the M, C parameters of the impedance model Eq. (3), by solving a nonlinear curve fitting problem using a non-linear least square solver. The problem was formulated as follows:
where N is the total number of data points. The sampling rate of the data acquisition device was 50 Hz, which gave a total of N ¼ 104 data points for one grasping motion taking 2.08 s.
The algorithm to solve the non-linear least square problem is the subspace trust region method based on the interior-reflective Newton method. Here, we used the MATLAB implementation of the solver i.e., lsqcurvefitðÞ. The average M, C parameters for a healthy individual interacting with the exoskeleton were found to be 5.3 Ns 2 =deg and 0.82 Ns 2 =deg. Using these values, we can numerically integrate Eq. (3) using the second order Runge-Kutta method, to get the current position and velocity of the crank, given the previous state of the position, velocity of the crank and the applied force. Thus, the net force F net is converted into the exoskeleton motion using the impedance model. Fig. 6c shows the reconstructed force profile after the estimation of M, C of the healthy participants, which is plotted over the original force profile to check the validity of the M, C estimates.
C. Clinical Intervention Protocol
In this study, we have conducted a single-arm clinical trial comprising of 4 hemiparetic stroke patients who underwent the same intervention for 6. The intervention was given three times per week and consists of two stages. The first stage was the Physical Practice (PP) stage of 30 min followed by a brain-computer interface (BCI) supported mental Practice (MP) stage of almost an hour including the BCI calibration time of around 16 min. Participants were made to sit on a chair in an upright position at about 0.5 m distance from the computer screen with the exoskeleton worn on their impaired hand (Fig. 5) .
In the PP stage the participants were instructed to execute extension or grasping motion when the corresponding cue signal was provided on the screen. Depending on the fingertip force exerted by the patient, the exoskeleton would operate either in active non-assist mode or passive assistance mode. We have termed one such grasping followed by an extension as a practice unit (PU). This grasping and extension cycle was repeated one after another for 30 min. Participants also got real-time feedback of their applied fingertip force on the computer screen so that they could take corrective measures to drive the exoskeleton more efficiently. The average of all the F net (where, F net > F th ) is considered as PU score , i.e., the average net force (greater than threshold force) generated in a PU. Now a PP session of 30 min is composed of many such PUs (the number of PUs depends on the performance of the participant during that PP session). Thus the session score (SS) is defined as the average of all the PU score in 5.
where, PU score ðnÞ is the PU score of n th PU during a PP session. N pu is the total number of PUs in a PP session. Before starting a new session, the participants were given the target to achieve better score than in the previous session. To make the rehabilitation paradigm more challenging, a performance based impedance update strategy was implemented in the exoskeleton controller. The performance was measured using the session score (SS), based on which, the impedance parameters for the next session were updated (Section III-D). This policy . Impedance parameter adpatation: An example shows how the session specific force profile (F s ) is constructed from the session score (SS) and the healthy participant's force profile (F H ). The yellow region is showing the standard deviation of the healthy population mean of the force profile (F H ). The score SS for this particular session was 0.18 N, which is equal to the average force generated in that session. The average force in case of the healthy participant (F mH ) was 1.18 N. The threshold force F th was set to 0.02 N.
continuously challenges the participant by increasing the difficulty level of the task as the performance level is enhanced. In the MP stage the participants were given a hybrid-BCI based multimodal neurofeedback contingent to the simultaneous activations in the EEG and EMG signal measured by a spectral power correlation between the two. In one particular session of the MP, there were five runs of approximately 7 min 30 sec each consisting of 40 trials. Each trial starts with a three second rest period, followed by the presentation of the cue in each of which the participants were asked to perform a left/ right-hand grasp attempt. Although the cue remains for two seconds, the participants were asked to perform the task until five seconds after the presentation of the cue. Among the five runs, first two runs were for calibrating the BCI system and the subsequent three runs were for giving online neurofeedback based on the EEG-EMG pattern classifier trained during the calibration stage. For the online neurofeedback runs, visual and proprioceptive feedbacks were provided through the screen and hand-exoskeleton, respectively, during the last three seconds of the task period. Details on the methods used during the BCI based mental practice can be found in authors' previous works [43] , [44] . The current study focuses only on the design of the exoskeleton and its impedance adaptation based trigged assistance control, to provide a challenge based rehabilitation strategy, implemented using impedance parameter adaptation. All results in this paper relate to the physical practice part only.
D. Impedance Parameters Updating Method
This method adapts the impedance parameters so that the patients' lower force generation capacity can be augmented by considering the performance of a healthy human being as a reference. In this method, the average force profile F H of a healthy person is scaled so that, the force profile F s required from the patient in the next session has its mean equal to the patient's previous session score SS. Thus:
The new impedance parameters M and C are computed using the same procedure as discussed in section III-B. The trajectory data _ u and € u are of the healthy person as stated above, while the force profile F H is replaced by the new profile F s . One example is shown in Fig. 7 . It can be seen that the average force applied by a healthy subject was 1.18 N and this force was lowered to 0.18 N for the patient to enable him/her to move the fingers with an enhanced velocity, as long as the applied force is above the threshold force level. As the force generation capacity of the patients is initially quite low and sometimes it goes below the threshold force level, they take much more time than a healthy person to complete each PU.
E. Participants
Four chronic hemiparetic stroke (ischemic) patients (3 females, 1 male, age 62:75 AE 5:56 (range 56-69)) who had partial impairment in finger extension and grasping ability were recruited for the six week long single arm non-randomized clinical trial. The mean time sinnce stroke was 23:25 AE 3:77 months (range 19-28 months). All the participants were first time stroke victims. All participants provided written informed consent for their participation and this study was approved by the University Research Ethics Committee of the Ulster University, Northern Ireland, UK. All research procedures were carried out in accordance with approved institutional guidelines and regulations. Inclusion criteria were as follows: ischemic stroke resulting in hand disability, time since stroke onset greater than 6 months, age between 18-80 years (both inclusive), and no history of neurological condition. Exclusion criteria were as follows: severe deficits in cognition (Mini-Mental State Examination (MMSE [45] ) score <21), pregnant or breastfeeding. The trial is registered with the ISRCTN with reference number ISRCTN13139098. The demographics of the patients are shown in Table IV .
The functional recovery of the hand was measured in terms of grip-strength (GS) using a dynamometer, and Action Research Arm Test (ARAT) [46] which are standard measurements of motor outcome [47] , [48] . Participants were seated on a chair with their feet touching the ground. The elbow joint was at right angle, while applying gripping force on the dynamometer. Three readings were averaged to obtain each GS measurement. ARAT is a reliable way of testing the upperlimb functionality by checking the grasp, grip, pinch and gross-movement activities. The total score associated with the test is 57, while the minimal clinically important difference [47] . Five such GS and ARAT measurements were obtained: one at the beginning, one at the end of the entire hand therapy, and three in the intermediate sessions.
The participants had partial disability in their hand and the baseline impairment was measured using the clinical scales of Grip-Strength and Action Research Arm Test, which were 8:71 AE 4:75 kg and 23:5 AE 12:5 (out of total score of 57) respectively. This disability was due to Ischemic stroke in different parts of the brain as shown in Table IV last column.
IV. RESULTS
Results describe the change in the force generation capacity of the patient participants. The average fingertip force per session (SS), the change in the average operating velocity of the exoskeleton, and the required level of assistance are also analyzed The variation of the impedance parameters M, C across all the therapy sessions is also obtained for each participant, to check the effectiveness of challenge based strategy in updating the difficulty level of the task.
The performance of participants in the first, middle and the last therapy session is shown in Fig. 8 . For each participant, the top row (Figs. 8a, 8b, 8c, 8d) shows the variation of net force F net during grasping motion in one of the practice units in these three sessions. The time taken for each motion was around 15-20 seconds. The corresponding force profile F s , based on the score SS of that session, is shown in the bottom row. Fig. 8 shows that the session score SS has increased continuously from the first session till the last one. Details of this increase are shown in Fig. 9a . We can also see that the profile of F s has shifted closer to that of F H , as the session score SS has increased. This enhancement in the force generation capability is observed for all the participants. The F net profile also gives us the idea of when the system went into passive assistance mode, from the time segments where F net fell below the threshold force level (F th ¼ 0.02 N) . Details of the (a)-(e), shows the net force F net during grasping motion in the first, the middle, and the last sessions (left to right). The bottom row shows the modified force profile F s obtained using the method described in Section III-D. The horizontal broken line in each graph shows the average force level. reduction in the assistance level, as the sessions progressed are given in Fig. 9c . From Fig. 9a , it can be seen that the highest increment in SS was found to be 0.17 N in case of the participant P01, while the least increment of 0.12 N was seen in case of the participant P03. The group mean of the score SS in the first session was 0.04 N, while in the last session, it increased to 0.19 N; an overall increase of 0.15 N. Thus, given the healthy individual's score SS of 1.18 N (Fig. 7) , group mean increase in SS of the participants was from 3.39 to 16.10 percent. An overall increase in the average velocity was also seen (Fig. 9b) . Each point in Fig. 9b gives an estimate of how fast the participant operated the exoskeleton, while performing the practice units within a session. The group mean increment in the average velocity is +11 deg/s, with the highest increment of +0.16 deg/s for the participant P04 and the least increment of +0.03 deg/s for the participant P01. This shows that, although the impedance (difficulty) level of the system increased when there was an increase in the SS level, all the participants were found motivated by the increased challenge level.
As the participants got more and more engaged in the rehabilitation process and increased their effort, a corresponding reduction in the passive assistance provided by the exoskeleton was seen. This means that they were able to maintain their fingertip force above the threshold level more consistently. The assistance level was calculated as a percentage of time the exoskeleton controller went into passive assistance mode as compared to the user-driven mode. Fig. 9c shows that for all the participants, the assistance level was reduced at the end of the therapy. The maximum reduction in the assistance level was found to be 77.85 percent for the participant P01, while the minimum was found to be 19.75 percent for the participant P04. The group mean reduction of 37.84 percent in the required assistance level was also found to be significant (pÀvalue < 0.05).
Variation of M and C parameters of the impedance model is shown in Figs. 10 and 11 , which show that both the M and C parameters increased through the sessions with a group mean change of 0.0027 Ns 2 =deg and 0.0021 Ns/deg in M and C respectively.
A group mean increase of 9.04 kg is observed over the baseline average GS of 8.71 kg in the begining of the therapy. The GS measurements are also correlated with the SS (Fig. 12) , considering the SS values on those days only when the GS measurements were taken. A significantly (p < 0:01) high correlation is seen between GS and SS for all participants. From the Fig. 13a it can be seen that all the participants were able to increase their ARAT scores throughout the clinical trial, while Fig. 13b shows that the group mean had changed (meanAE std = +23.75 AE 2.5) significantly (p-value < 0:05) from the pre (23.5 AE 12.5) to post (47.25 AE 12.12) intervention, which is also clinically significant as it is found to be greater than the MCID limit.
V. DISCUSSION Continuous increase in the impedance level (Figs. 10 and 11) is an outcome of the continuous increase in session score of the participants (Fig. 9a) , which in turn is due to the increased effort put by them in the subsequent sessions. This shows that the proposed impedance updating strategy was successful in providing the required amount of challenge at each session to motivate the participants towards greater functional recovery of their impaired hand. The enhancement of the average force applied (the session score SS), the reduction in the required assistance and the increment in the impedance throughout the sessions prove the feasibility and effectiveness of the impedance adaptation based trigged assistance strategy, for updating the challenge level of the poststroke hand therapy.
The current investigation of hand functional recovery using the robotic exoskeleton is significant in many aspects. From the design point of view, a underactuated design helps in making a device fully portable, lightweight, and easily deployable for use in hospital or home. The minimization of the design complexity is based on the idea that grasping needs can be met with lesser number of degrees of freedom (DOF) [49] and it is often considered enough to use one DOF per phalanx for neurorehabilitation [50] . Unlike cable driven mechanisms, direct drive is less complicated as the effects of cable routing, friction and backlash are avoided [51] . Linkages have the advantage of efficient power transmission and bi-directional actuation [52] . The problem of joint axis misalignment was circumvented by using four-bar linkages for path generation. All the mechanisms and drives are placed on the back of the hand which is supported through an arm rest. Thus, little weight is felt on the patient's fingers during the rehabilitation process.
The musclular model free approach of providing assistance to the patients also simplifies the exoskeleton control and the therapeutic process. First of all, it is difficult to construct the patient specific model of human motor system [53] , or predefine trajectory for each individual, which sometimes needs the involvement of a human therapist [54] . Therefore, a similar approach of not forcing the patients to follow a predefined joint angle trajectory is chosen, like some other studies [1] , [23] , [24] . While Crocher et al. [24] used joint synergies instead of predefined trajectories for promoting free interaction, here we used an impedance model, adjusted as per the patient's performance level, without putting any velocity/ acceleration constraints.
Continuous measurement of the force contribution is often made indirectly from the robot's torque [40] , as it is difficult to mount sensors in the small space of the finger surface [55] . However, the acquisition of clean torque signal is difficult, specially with noisy strain gauges. Hence, we measured the patient's force contribution directly using the FSRs mounted inside the finger-inserts. The fingertip inserts also allow some variation in the finger lengths of different patients. This type of integration of force sensors can also be found in an earlier study [39] . The difficulty level of the task is normally controlled by the human therapist [56] . This feature has been automated by the performance based update of impedance parameters in our system. The force feedback encourages the patient to exert more effort leading towards higher recovery [57] . The switching between the two modes (active non-assist and passive assistance) is decided by the magnitude of the force generated by the patient. This kind of time triggered approaches are popular with exoskeletons such as Gentle/ G [58] and Rupert [59] . Thus the inter-modal switching approach with real-time force feedback helps in avoiding the slacking effect, commonly associated with passive assistance.
The results obtained from the study clearly show the increment of fingertip force generation capacity with a reduction in the assistance level and increase in the range of motion. The results conform to the notion that the assistance requirement is reduced with the enhancement of the performance level of the patients [40] . The positive effect of resistance driven exercises on poststroke motor function is also supported by some nonrobotic studies [60] , [61] . The present study also reaffirms the validity of robot mediated hand therapy, which has been reported in many other previous studies [62] , [63] .
Some of the shortcomings of the device include its inability to deal with tremor suppression [39] and higher levels of hypertonia [64] , especially in those cases where the muscle tone increase by repetitive movements. Due to these factors we couldn't accommodate such patients in the study. Moreover, as the BCI based mental practice phase was also included following the physical practice phase using the proposed challenge based strategy, the functional recovery of the participants may have been affected by both of these phases. Hence, controlled trials need to be performed in future to compare the effect of each phase on the total hand functional recovery. It is worth mentioning that the preliminary results obtained in this study with a small number of patients need to be further validated on large patient cohorts. However, the fingertip force generation capacity, in terms of the session score (SS) is found to be significantly correlated with the offline assessment of the hand functional recovery in terms of the grip-strength in all the participants. This shows that the fingertip force measurements, via the force sensors, can facilitate direct monitoring of the progress of the motor recovery, without needing the off-line measurement of the grip strength. As the impedance parameters are adapted to adjust the challenge level of the task as per the user performance, the proposed system may also offer personalized exercises for a rehabilitative hand therapy.
VI. CONCLUSION
The study clearly demonstrates the feasibility of a novel challenge-based neurorehabilitation strategy using a fully wearable, portable and lightweight hand-exoskeleton, as the patients are able to operate at higher impedance level, requiring lesser assistance as the therapy sessions progress. The novel combination of active non-assist mode along with triggered passive assistance promotes free interaction during the rehabilitation process. The new force generation capacity based performance metric, SS is also found to be significantly correlated with GS, providing a way of online motor recovery assessment using hand-exoskeleton mounted force sensors. Finally, significant positive changes in ARAT shows potential clinical effectiveness of the study. However, controlled trials need to be performed in larger patient population in future to identify the individual contribution of the BCI based mental practice phase and the physical practice phase using the proposed challenge-based strategy on the hand functional recovery. 
